The reduction of atmospheric sulphur dioxide pollution is causing increasing problems of sulphur deficiency in sulphur-demanding crop plants in northern Europe. Elemental sulphur and many sulphur containing compounds such as cysteine-rich antifungal proteins, glucosinolates (GSL) and phytoalexins play important roles in plant disease resistance. The aim of this work was to analyse the effect of inadequate sulphur supply on disease resistance of oilseed rape (Brassica napus). Compared with fertilized oilseed rape, healthy looking S-deficient plants showed increased susceptibility to the blackleg fungus Leptosphaeria maculans, to the generalist necrotroph Botrytis cinerea and to the oomycete Phytophthora brassicae. To analyse possible causes of the increased disease susceptibility of S-deficient plants, protein extracts and methanolic extracts of secondary metabolites of plants grown with and without adequate sulphur supply were tested for antimicrobial activity. None of the protein extracts showed antimicrobial activity. However, extracts containing secondary metabolites from normally grown plants showed a strong antimicrobial activity in in vitro tests with various fungal and bacterial pathogens. This activity was almost totally lost in extracts derived from S-deficient plants. The antimicrobial activity did not appear to be based on the activity of phytoalexins because it was present in healthy plants and was not increased by a previous inoculation with Botrytis cinerea. The loss of antifungal activity in S-deficient plants correlated with a strong reduction of various GSL, thus suggesting a reduced level of GSL as a possible cause of the reduced antimicrobial potential. However, limited tests of commercially available GSL or their degradation products did not demonstrate a causal link. Our results show that S-deficiency of oilseed rape negatively affects disease resistance and suggest that this effect is at least partially caused by a reduction of sulphur-dependent phytoanticipins.
Introduction
Sulphur is an essential macroelement for plant life and has numerous biological functions (Leustek et al., 2000) . It is taken up by plants in its inorganic sulphate form from the soil or as sulphur dioxide and hydrogen sulphide from the atmosphere. Plants assimilate and reduce sulphate to sulphide which is incorporated into cysteine and further converted to methionine. Sulphurcontaining compounds play crucial roles in a number of cellular processes, such as redox reactions, detoxification of heavy metals and xenobiotics, and metabolism of secondary products (Saito, 2000; Nikiforova et al., 2003) .
Intensive farming has greatly increased the demand for sulphur in crop production in the last decades. This development was largely unnoticed in industrialized countries because of concomitant pollution by atmospheric deposition of sulphur dioxide produced by the burning of S-containing fossil fuels. In the second part of the 20th century air pollution with sulphur dioxide became a major concern (http://www.ourplanet. com). In response to this global problem governments started to enforce a drastic reduction of sulphur dioxide emissions (Helsinki Protocol, 1979) . As an unexpected outcome of the successful reduction of S-pollution an increased frequency of sulphur deficiency was to be observed in several crops mainly in northern Europe. Inadequate sulphur supply was becoming a factor limiting crop yield and quality (Da¨mmgen et al., 1998; Eriksen and Mortensen, 1999) .
It has been known since antiquity that sulphur has protective effects against pests and diseases. Most of the knowledge is however restricted to the external effect of foliar applied inorganic sulphur. Less is known about soil supplied sulphur which has a strong influence on plant resistance by directly stimulating biochemical processes in primary and secondary metabolism (Pezet et al., 1986; Schnug, 1996) . Field observations pointed to a positive correlation between S-fertilization and enhanced disease resistance against fungal pathogens, leading to the question, whether sulphate availability could be a limiting factor for the ability of plants to fight off pathogens (Davidson and Goss, 1972; Schnug, 1996) . Many compounds that play a role in active defence against pathogens contain sulphur including cysteine-rich antifungal peptides, phytoalexins and glucosinolates (GSL) (Hell, 1997; Pedras et al., 2000) . In addition, elemental sulphur (S 0 ) has been described as a component of disease resistance in certain plant species Cooper, 2003, 2004) .
In recent years oilseed rape (Brassica napus L.) has become a major crop in Europe and one of the major oil crops worldwide (Graner et al., 2003) . Because of its high demand for sulphur, oilseed rape is particularly sensitive to S-deficiency. It produces seeds with a high content of sulphur rich proteins (Zhao et al., 1997; Blake-Kalff et al., 1998) and requires sulphur for the synthesis of GSL, a group of thioglucoside compounds (Blake-Kalff et al., 1998) , and S-containing phytoalexins (Hammerschmidt and Dann, 1999) .
We have analysed the effect of inadequate S-supply on the resistance of oilseed rape to different pathogens. Of the phytopathogenic fungi known to affect oilseed rape, the ascomycete fungus Leptosphaeria maculans (anamorph: Phoma lingam) causes the highest economic losses worldwide (Howlett et al., 2001) . Leptosphaeria maculans is a specific pathogen of Brassica species and is a facultative necrotroph initially growing biotrophically and later promoting necrosis to live saprophytically on dead plant material (Hammond et al., 1985; Hammond and Lewis, 1987) . Phytophthora brassicae is an hemibiotrophic oomycete which is able to infect a wide range of Crucifer species including B. napus and Arabidopsis thaliana (Man in 't Veld et al., 2002; Si-Ammour et al., 2003) . Botrytis cinerea (teleomorph Botryotinia fuckeliana), commonly named grey mould, is a necrotrophic pathogen with a broad host range (MacFarlane, 1968) . It was chosen as a nonspecialized ubiquitous pathogen for comparison with the specialized L. maculans. Our results show a clear effect of the S-nutritional status of the plant on its disease resistance against all three pathogens. The reduced disease resistance of S-deficient plants correlated with a strong reduction of antimicrobial activity of plant extracts and a greatly reduced content of various GSL.
Materials and Methods

Organisms and growth conditions
Seeds of Brassica napus cv. Bienvenu (0) and cv. Express (00) were obtained from the Swiss Federal Agricultural Research Station of Plant Production in Changins. Seeds were sown on vermiculite and watered first with tap water and after 10 days once with half strength Hoagland solution containing 0.5 mm MgSO 4 (Hoagland and Martin, 1950 Hammond et al. (1985) . The Botrytis cinerea isolates BMM (Zimmerli et al., 2001) and Pellier were isolated respectively from geranium and vine and grown on PDA. Conidia from 14-day old well-sporulating colonies were harvested in distilled water containing 0.2% (v/v) Tween 20. The oomycete P. brassicae constitutively expressing a green fluorescent protein (GFP) was grown on V8 agar (Si-Ammour et al., 2003) . Pseudomonas syringae pv. tomato strain DC3000 (PstDC3000) was grown in Luria broth with 25 lg/ml rifampicin.
Inoculation protocols
Leaves of 5-6-week-old plants, at growth stage 2.4-2.5 of the scale according to Harper and Berkenkamp (1975) , were inoculated with the different pathogens. For Leptosphaeria maculans 10 ll of a spore suspension (10 6 spores/ml) in water containing 0.2% (v/v) Tween 20 was applied to the leaves after wounding with a needle. Plants were incubated for 5 days in 100% relative humidity in a glass chamber before the lids were removed. Lesion size was measured at 12 and/or 21 dpi. For Botrytis cinerea 10 ll of a spore suspension (10 4 spores/ml) in water containing 0.2% (v/v) Tween 20 was applied to the leaves after wounding with a needle. Plants were incubated at 100% relative humidity and lesion size was measured at 4 or 5 dpi. Agar plugs taken from the margins of an expanding colony of P. brassicae isolate HH (SiAmmour et al., 2003) were applied to the leaves after wounding with a needle. Plants were then incubated in 100% relative humidity for 7 days for lesion size measurement. GFP fluorescence was determined 4 days after the inoculation (Si-Ammour et al., 2003) .
Measurements of total sulphur and glutathione
For total S content, leaves of 6-week-old B. napus cv. Bienvenu plants were dried for 48 h at 65°C and then ground to a fine powder. Two independent batches of plants were mixed for analysis. Total S was determined using a Philips PW2400 X-ray fluorescence (X-RF) spectrometer (Philips, Almelo, The Netherlands) under constant helium flux . Total glutathione (GSH) content of 6-week-old B. napus plants cv. Bienvenu was determined according to Harms et al. (2000) . Frozen leaf material (60 mg) was homogenized to a fine powder and extracted for 15 min in 600 ll 0.1 n HCl at 4°C. After centrifugation (20 min, 14 000 · g, 4°C), 120 ll of the supernatant were added to 200 ll of 0.2 m 2-(cyclohexylamino) ethanesulphonic acid (pH 9.3). Reduction of total disulphides was performed by adding 10 ll 9 mm bis-2-mercaptoethylsulphone in 200 mm Tris-HCl and 5 mm EDTA (pH 8). After 40 min at room temperature, free thiols were labelled with 20 ll of 15 mm monobromobimane in acetonitrile and incubated for 15 min in the dark at room temperature. The reaction was stopped by adding 250 ll 15% HCl. The samples were analysed by high-performance liquid chromatography (HPLC) (Harms et al., 2000) .
Plant extractions and glucosinolate analysis
Methanol extracts of leaves (Griffiths et al., 2001) were used for fungal and bacterial in vitro growth inhibition tests and to quantify the content of GSL. For glucosinolate determination, 20 ll aliquots, were analysed by HPLC. The analytical column was equipped with a Lichrospher (Marchery and Nagel, Oensingen, Switzerland) (100 RP 18; 5 lm, 4 · 250 mm). The binary mobile phase system was composed of distilled water (A) and water : acetonitrile, 80 : 20 (B). The analysis was run with the following gradient programme: 0-45 min linear gradient 0-100% B and then held for 5 min on 100% B. The flow rate was 1 ml/min and the detection of desulphoglucosinolates was monitored with a UV/VIS detector at 230 nm (Contron HPLC detector 430, Contron, Zu¨rich, Switzerland). For test of antimicrobial activity methanol extracts from 10 g of leaves were evaporated to dryness and the remaining material was taken up in 10 ml of water. For bioassay with methanol extracts of plants after induction of defence mechanisms, detached leaves of 6-week-old plants were inoculated with Botrytis cinerea at a concentration of 3 · 10 3 spores/ml. After 60 h the leaves were extracted as described above. For protein extraction leaves were ground in liquid nitrogen with a mortar and pestle. The resulting powder (5 g) was extracted with 2.5 volume of 50 mm Tris-HCl pH 7.5 containing 1 mm phenylmethylsulphonyl fluoride. Insoluble material was removed by centrifugation at 10 000 · g for 20 min. Proteins in the supernatant were precipitated with ammonium sulphate (95% saturation) at 0°C for 2 h, collected by centrifugation (20 000 · g, 20 min) and resuspended in 2 ml 10 mm Tris-HCl pH 7.5. The extracts were desalted using Sephadex G-25 columns (Amersham Biosciences, Otelfingen, Switzerland) and filtered successively through 0.45 and 0.22 lm membranes prior to application in the bioassays.
Bioassays for antimicrobial activity
Fungal spores harvested from well-sporulating colonies of L. maculans and Botrytis cinerea grown on PDA plates were resuspended in half-strength potato dextrose broth (Difco, Detroit, MI, USA). The concentration of the spore suspensions was adjusted to 2-4 · 10 5 spores/ml. The freshly prepared spore suspensions were spread on 9 cm Petri dishes containing PDA (0.5 ml/dish). The plates were incubated 24 h at 18°C to allow the spores to germinate. At this time, 5 mm diameter sterile paper filter discs were laid on the agar surface and 40 ll of the solution to be tested was applied to the discs. After an additional 48-72 h incubation at 18°C the inhibition zones were measured and pictures were taken. For each treatment three repetitions with five replicates were carried out with two independent extracts. For pure molecule bioassays 40 ll of isothiocyanate (ITC; Fluka, Buchs, Switzerland) at concentrations of 1 mm and 10 lm were applied to Petri dishes with Cladosporium sp. For sinigrin degradation products 10 mm sinigrin (Carl Roth AG, Karlsruhe, Germany) in 0.33 m potassium phosphate buffer was incubated with 5 units myrosinase (thioglucoside glucohydrolase; Sigma Chemicals, St Louis, MO, USA) for 1 h at 37°C. Pathogen growth inhibition tests in microtitre plates were performed as described (Berrocal-Lobo et al., 2002) .
Results
In the field sulphur-starved plants often show only weak or no visible symptoms during vegetative growth but the effect of S-deficiency on yield and disease resistance can be nonetheless important. Three to four weeks after the onset of sulphur starvation, at the time of pathogen inoculation, the S-starved plants did not show any visible signs of S-deficiency. At this time point plants grown on full nutritive solution (Fig. 1a) could not be distinguished from S-deficient plants (Fig. 1b) . However, when the plants were starved for four more weeks younger leaves started to exhibit strong S-deficiency symptoms (Fig. 1c) . The typical chlorosis spread over intercostal areas with anthocyan accumulation but leaving the zones along the veins green .
To confirm that S-starved plants had a lower S-content, total sulphur and GSH was measured at the time of inoculation (Table 1) . Six-week-old B. napus plants that were S-starved for 4 weeks contained only approximately 10% of the total sulphur and 6% of GSH compared with normally fertilized plants. Plants grown on soil were included in our analysis to test if the culturing system reproduced the sulphur status of plants growing under normal conditions. Oilseed rape plants grown on sulphur containing Hoagland solution showed approximately 20% reduction in total sulphur and a 60% reduction in total GSH content relative to soil grown plants. With the X-RF analysis method used to determine total sulphur content it was possible to also obtain the plant content for Fe, Ca, Mg, K and P. We observed no significant difference for Ca, 29 Sulphur Deficiency Causes a Reduction in Antimicrobial Potential Mg and P. Potassium was reduced in sulphur-starved plants by approximately 40% and Fe was below detection level in all samples (data not shown).
Three pathogen species were used to study the effect of inadequate sulphur nutrition on plant disease resistance: L. maculans, Botrytis cinerea and P. brassicae. Five different isolates of L. maculans and two isolates of Botrytis cinerea exhibiting different levels of aggressiveness were screened to find for both pathogens a moderately aggressive isolate that could show enhanced disease symptoms on sulphur-deficient plants. Brassica napus cultivar Bienvenu was challenged with both L. maculans and Botrytis cinerea. Because of the high resistance level to L. maculans cultivar Express was only infected with Botrytis cinerea. Figure 2a shows typical lesions triggered by each pathogen on leaves of B. napus grown with and without sulphur fertilization. For all three pathogens lesion size is clearly affected by the sulphur status of the plant. With both L. maculans and Botrytis cinerea on control plants the necrotic lesions were surrounded by a dark circle which clearly defined the edge of the lesion. In S-starved plants this dark circle was missing and the lesion expanded broadly. Figure 2b shows a quantitative analysis of the effect of the sulphur status of B. napus cv. Express and/or cv. Bienvenu on disease susceptibility against the three pathogens. At 21 days postinoculation (dpi) lesions caused by L. maculans on S-starved B. napus cv. Bienvenu leaves were 1.9 times larger than in normally fertilized plants. In control plants lesion size remained the same between 12 dpi and 21 dpi whereas it continued to increase in S-starved plants (data not shown). More pronounced differences were observed with Botrytis cinerea in both B. napus cv. Express and cv. Bienvenu. In the cultivar Express, at 4 dpi, lesions were 24 times larger in sulphur starved plants compared with the controls. In the cultivar Bienvenu this increase was only 3.7-fold. Finally, compared with control plants the lesions caused by P. brassicae were 3.3 times larger in plants lacking adequate S-nutrition.
To quantify pathogen development by another method, an isolate of P. brassicae was used that constitutively expressed GFP as a quantitative marker (Si-Ammour et al., 2003) . This fluorescent isolate allowed to quantify the pathogen biomass by measuring GFP fluorescence. Figure 3 shows that uninfected leaves (black area) had a baseline fluorescence because of chlorophyll autofluorescence of 467 relative units (ru) for the control plants and 317 ru for the S-starved plants. The fluorescence level was only slightly increased to 644 ru in control plants inoculated with P. brassicae expressing GFP indicating that the pathogen did hardly colonize these plants. In contrast, in inoculated S-starved plants the fluorescence increased to 1172 ru. After subtraction of the background fluorescence there was a 4.8 fold increase in GFP fluorescence levels between normally fertilized and S-starved plants. Thus, the pathogen development measured by the GFP fluorescence showed increased biomass in plants grown under sulphur starvation conditions.
Our results demonstrate that S-deficiency negatively affects disease resistance of B. napus. The increase in susceptibility could be caused by the specific effect of S-starvation on the accumulation of one or more S-containing defence compounds. To further analyse this hypothesis, extracts of normal and S-deficient plants were tested for their antifungal potential in in vitro growth inhibition assays. To isolate various secondary compounds leaves were extracted with hot methanol (see Material and Methods). After evaporation to dryness and resuspension in water (1 ml/g leaf material), the extracted compounds from control plants were found to inhibit the in vitro growth of the four fungal pathogens L. maculans, Botrytis cinerea, Cladosporium sp. and Penicillium digitatum as indicated by the growth inhibition zones around the applied extract (Fig. 4a) . A similar extract from plants suffering S-deficiency had no or very little effect on all four pathogens tested. Figure 4b shows that the inhibition zones caused by extracts from S-fertilized plants were in comparison with S-deficient plants 6.6 times larger for L. maculans, 6.8 times larger for Botrytis cinerea, 12 times larger for Cladosporium sp. and 25 times larger for Penicillium digitatum. Figure 4c shows the effect of the methanol extracted compounds on the growth of the phytopathogenic bacterium Pseudomonas syringae pv. tomato, of Botrytis cinerea and of Penicillium digitatum assayed in liquid culture in microtitre plates. Pathogen growth was measured as an increase in absorbance at 490 nm. Methanol extracted compounds from S-deficient plants had 5.4 times lower antibacterial activity than extracts from control plants.
The reduction in antifungal potential was 2.2-fold for Botrytis cinerea and 2.5-fold for Penicillium digitatum.
To test if the antifungal potential was increased following inoculation because of induced metabolites, methanol extracts of Botrytis cinerea inoculated B. napus leaves were analysed in fungal growth inhibition test. Figure 5 shows no significant difference in antifungal potential between extracts of inoculated or control plants leading to the conclusion that the antifungal potential is because of phytoanticipins and not phytoalexins. Furthermore, no inhibition was observed with protein extracts from both control and S-starved plants, challenged or not with a previous inoculation by Botrytis cinerea.
The methanolic extracts were analysed for GSL. Table 2 shows a list of the 11 different GSL analysed, the group to which they belong and the GSL levels measured in nomal and S-deficient plants. The level of each individual GSL was dramatically reduced in The experiments were repeated three times. Thirty-two independent measurements were performed for L. maculans. Sixteen independent measurements were performed for Botrytis cinerea and P. brassicae respectively 31 Sulphur Deficiency Causes a Reduction in Antimicrobial Potential S-deficient plants. Figure 6 shows the quantification of the grouped GSL. The reduction of GSL content in S-deficient plants was 14 times for indolyl GSL, 18 times for aromatic GSL, 21 times for thioalkyl GSL and 85 times for alkene GSL. Thus, S-deficiency had a dramatic negative effect on the glucosinolate content. There was a good correlation between reduced GSL levels and reduced antimicrobial activity of the GSL containing methanol extract. To test the hypothesis that GSL could be responsible for the antifungal potential, eight different commercially available ITC were tested for their antifungal potential on agar plates against Cladosporium (Table 3) . None of the eight ITC nor degradation products of sinigrin showed antifungal activity even at a high concentration of 1 mm (data not shown). It remains therefore an open question whether the reduced content of some GSL was causing the reduction in antimicrobial activity in S-deficient plants. It is still possible that a combination of GSL or degradation products of the many additional GSL of B. napus possess direct antifungal activity.
Discussion
The response of plants to pathogen includes the production of a number of S-containing compounds such as the phytoalexins and GSL of crucifers or sulphur rich antifungal peptides (Vignutelli et al., 1998; Tierens et al., 2001) . The reduction of atmospheric sulphur pollution achieved in the last decades caused S-deficiency in the field and had a negative impact on yield, product quality and pathogen resistance. In this study we focused on the effect of S-deficiency on plant disease resistance.
Taken together our results demonstrate that oilseed rape grown under S-deficiency conditions exhibited enhanced disease susceptibility (Fig. 2) . This was true for the two tested B. napus cultivars Express and Bienvenu and for all pathogens tested, for the specialized L. maculans and P. brassicae as well as for the ubiquitous pathogen Botrytis cinerea. The enhanced disease susceptibility is apparently caused by a general mechanism because the change in susceptibility was not pathogen or cultivar specific. Field experiments pointed at a positive correlation between S-fertilization and disease resistance of oilseed rape against fungal pathogens but no causal link was demonstrated (Schnug, 1996) . There are two main arguments to explain why S-deficient plants become more susceptible to pathogens. First, the increased susceptibility is caused by the specific effect of S-deficiency on the accumulation of S-containing defence compounds such as phytoalexins, GSL and cysteine-rich antifungal polypeptides which can play important roles in disease resistance. Secondly, S-deficiency leads to a general reduction of fitness and a global weakening of the plant that causes generally enhanced susceptibility to stress.
In our study, extracts of secondary compounds from control plants showed antifungal activity with four different fungal pathogens and this activity was almost completely lost in S-deficient plants (Fig. 4) . It is important to note that the extracted compounds were not concentrated during the processing prior to the tests. The concentration tested (ratio 1 ml/g leaf tissue) was similar to the concentration present in the leaf tissue. The antifungal potential was not increased by activation of induced defence mechanism (Fig. 5) . The antimicrobial compounds apparently belong to the phytoanticipins present in healthy plants before infection and not to the phytoalexins which accumulate upon infection. Interestingly, the reduced antifungal activity of extracts from S-deficient plants correlated with a strong reduction in GSL content. Upon tissue damage GSL come in contact with the enzyme myrosinase (thioglucoside glucohydrolase, EC 3.2.3.1) and the unstable aglycone generated by the action of myrosinase may then form various degradation products, including ITC, nitriles and thiocyanates, all of which are highly reactive compounds (Mithen et al., 1986; Osbourn, 1996) . The major breakdown products generated in leaves of Brassica are ITCs. GSL hydrolysis products have been demonstrated to be toxic towards a range of fungi in vitro, including pathogens and nonpathogens of Brassica. The precise mechanism of toxicity is however not known (Mari et al., 1993; Manici et al., 1997; Hashem and Saleh, 1999) . A number of pathogens of Brassica, such as L. maculans (Mithen et al., 1986) , Peronospora parasitica (Greenhalgh and Mitchell, 1976) , Mycosphaerella brassicae (Hartill and Sutton, 1980) and Alternaria sp. (Milford et al., 1989) have been shown to be sensitive to at least some glucosinolate breakdown products. It has also been suggested that indolyl GSL breakdown products may function as precursors to a class of indole phytoalexins that are induced in Brassica (Rouxel et al., 1989) . It is however unclear whether there is any relationship between resistance of fungi to GSL and their ability to cause disease. Although inoculation with L. maculans elicited changes in the leaf indolyl-GSL profiles, no correlation was found between the degree of resistance to the fungus and the level of GSL (Wretblad and Dixelius, 2000) . The role of GSL in blackleg resistance has previously been studied, but the relevance of these compounds remained unclear. Early studies correlated sinigrin content with resistance to L. maculans (Mithen et al., 1987) . High GSL levels have been associated with resistance of oilseed rape and Indian mustard to L. maculans (Mithen and Magrath, 1992) and with resistance of cabbage to P. parasitica (Greenhalgh and Mitchell, 1976) . However, in studies of crosses of B. napus lines with high and low GSL levels in their leaves, resistance to L. maculans and GSL profiles did not co-segregate (Mithen and Magrath, 1992) . Further studies with B. napus lines that had contrasting GSL profiles indicated that high levels of GSL are unlikely to confer greater resistance to L. maculans in oilseed rape (Giamoustaris and Mithen, 1997) . Furthermore, L. maculans was shown to efficiently degrade the aliphatic GLS sinigrin, progoitrin and gluconapin as well as the aromatic GSL sinalbin (Wu and Meijer, 1999) . The high number of different GSL in B. napus makes it difficult to assess the antifungal activity of individual compounds. In addition, the nature of the breakdown products depends on the structure of the GSL, the type of myrosinase present, and other factors, like pH, temperature, metal ion concentrations and protein co-factors (Osbourn, 1996) . It is therefore difficult to predict which toxic products a pathogen is likely to encounter simply by assessing the relative amounts of specific GSL present in the host plant. Our tests with a limited number of pure ITCs and the degradation products of sinigrin showed that none of the tested The same plants and extracts used in this investigation were also exposed to two different insects attacking oilseed rape, the diamond back moth and the cabbage root fly. Both insects prefer for oviposition or feeding S-fertilized plants and extracts or fractions containing GSL or other S-containing secondary metabolites (Marazzi et al., 2004a,b; Marazzi and Sta¨dler, 2004) . It seems that these herbivores are less affected by the defence mechanisms of S-fertilized plants and have developed detoxification mechanisms against the S-containing secondary metabolites. These insects use in fact the S-containing metabolites to locate and identify plants belonging to their host range.
In conclusion, we have demonstrated that sulphur deficiency increases the disease susceptibility of oilseed rape plants to various pathogens. Our results suggest that a loss of antimicrobial activity in S-deficient plants might contribute to their higher disease susceptibility. The results of the disease resistance tests were derived from severely S-starved B. napus plants under conditions that may be rarely found in agricultural soils. However, it is likely that much less severe S-stress in the field still negatively affects the disease resistance of B. napus. Even if these effects should appear only minor on an individual plant basis, the effect on a population level could be much more dramatic and has the potential to lead to an increased use of fungicides. To favour sustainable agriculture the sulphur status of S-demanding plants should be monitored in the field in order to increase S-fertilization in case of observed S-deficiency. Botrytis cinerea 60 h prior to extraction; Ctrl W, extracts of non inoculated plants from which the GSL content was analysed (see Table 2 and Fig. 6 ). Whole leaves were extracted The individual GSL analysed were grouped according to their structural similarities: A, alkene; B, aromatic; I, indolyl and T, thioalkyl. Individual glucosinolate quantification is the mean of five separate extractions. Values are given in lg/kg of fresh weight plus standard error; ND, not detected. Table 2 ). The content of each group of GSL was stronly reduced in S-deficient plants ()S) compared with control plants (+S). Reduction was 85· for alkene, 14· for indolyl, 21· for thioalkyl and 18· for aromatic GSL 
